Background/objectives Several diets, e.g., those low in fruits/vegetables, high in sodium, and red/processed meat, have been related to a higher stroke risk. We investigated stroke mortality associated with a priori diet-quality indices in the Multiethnic Cohort study. Subjects/methods Based on 172,043 observations including 3548 stroke deaths, we investigated the Healthy Eating Index-2010 (HEI-2010), the Alternative HEI-2010, the alternate Mediterranean diet score, and the Dietary Approaches to Stop Hypertension index in relation to stroke mortality. Using Cox regression, we estimated adjusted population attributable risks (PAR) and hazard ratios (HR) for tertiles of the indices while adjusting for relevant confounders.
Introduction
Despite major improvements in treatment, stroke remains the fifth leading cause of death [1] and a leading cause of long-term severe disability [2] . Based on the Global Burden of Disease Study, 90.5% of stroke-burden as measured in disability-adjusted life-years was due to 17 risk factors and 74.2% were associated with behavioral risk factors alone [3] . The INTERSTROKE study estimated the population attributable risk (PAR) of ten risk factors (hypertension, physical inactivity, apolipoprotein, diet, waist-to-hip ratio, psychosocial factors, smoking, cardiac causes, alcohol consumption, diabetes mellitus) to be 90.7% for all incident strokes [4] . Based on this evidence, preventive measures directed at these potentially modifiable risk factors might therefore have a large impact at the population level.
As for single dietary components, a diet high in sodium [5] , low in fruits and vegetables and/or whole grains was associated with a high stroke-burden [3] . Two meta-analyses described protective associations for fruits and vegetables [6, 7] and another one reported an elevated risk of red/processed meat intake with ischemic but not hemorrhagic stroke [8] . Instead of examining single nutrients or foods, dietary pattern analyses and a priori defined dietary indices take interactions and interdependencies among nutrients and foods into account and provide promising strategies for disease control and prevention [9] . The Healthy Eating Index-2010 (HEI-2010) representing the most commonly used dietary recommendations in the US was associated with cardiovascular and all-cause mortality [10] , but its relation with stroke mortality has not been reported so far. Based on the modified Alternative Healthy Eating Index (AHEI), the INTERSTROKE study reported a stroke risk of 0.60 (99%-CI: 0.53-0.67) for the highest vs. lowest tertile and a PAR of 23.2% (99%-CI: 18.2-28.9) for the low and medium vs. the highest tertile [4] . Adherence to the alternate Mediterranean diet score (aMED) was significantly inversely associated with stroke incidence in the Nurses' Health Study (highest vs. lowest quintile: relative risk (RR) = 0.71, 95%-CI: 0.62-0.82) [11] , and similar results were found in a meta-analysis based on a more general definition of the Mediterranean diet (RR = 0.71, 95%-CI: 0.57-0.89) [12] . According to a meta-analysis, the DASH (Dietary Approaches to Stop Hypertension) diet was associated with a lower RR of stroke (RR = 0.81, 95%-CI: 0.72-0.92 for highest vs. lowest adherence) [13] .
Previous stroke research investigated ethnic differences in stroke mortality and the distribution of risk factors known to be associated with stroke. In 2008, stroke mortality in the US was highest among African Americans, followed by Whites, Asians, Hispanics, and Indians [14] . The prevalence of stroke subtypes was previously shown to vary by ethnicity [15, 16] , just as dietary intake and lifestyle risk factors [17] . The results of the INTERSTROKE study even indicated noticeable variations in the risk of stroke attributable to diet quality across world regions and ethnic groups [4] .
In the present study, we investigated stroke risk factors in a population with diverse ethnic backgrounds. Using four, a priori defined, diet-quality indices based on diet recommendations, we inferred the percentage of stroke deaths preventable by the adoption of healthy eating patterns, as well as the relative risk of stroke mortality due to diet in the Multiethnic Cohort Study (MEC) [18] . Further insights were obtained by subgroup analyses by sex, ethnicity, and follow-up time.
Materials and methods

Study population
The MEC is a prospective cohort study of more than 215,000 Hawaii (48.1%) and Los Angeles (51.9%) residents between 45 and 75 years of age, recruited in 1993 to 1996 [17] . Briefly, participants were identified through drivers' license records, voter registration records, and Medicare files. The aim was to explore the association between lifestyle, medical, and genetic factors and the incidence of cancer and other chronic diseases within five major ethnic groups. Response rates varied between 28% and 51% among sex and ethnic groups. A comparison of the distribution of MEC participants to the US census suggested that MEC participants represented all educational levels well [17] . Receipt of a completed questionnaire was evidence of a desire to participate in the study and was taken as a formal indication of consent; the study was approved by the Institutional Review Boards of the University of Hawaii and University of Southern California. The baseline questionnaire asked for all ethnic backgrounds and categorized individuals according to a priority ranking into African Americans, Native Hawaiians, Latinos, Japanese Americans, and Whites, and included questions on demographics, anthropometry, medical history, education, lifestyle factors, and diet [17] .
Dietary assessment
A validated [19] food frequency questionnaire with over 180 items was part of the baseline assessment [17] . Based on this information, the following a priori defined dietquality indices were constructed as previously described [18, 20] and visually displayed in Table 1 .
The HEI-2010 is based on the Dietary Guidelines for
Americans from 2010, where higher values reflect better adherence to federal dietary guidelines [21, 22] . 2. The AHEI-2010 was developed to identify patterns associated with lower risk of chronic disease [23] . 3. The aMED reflects eating behaviors associated with lower risk of chronic disease [24] . 4. The DASH [25] includes eight components as a modified version of the original DASH diet [26] .
According to MEC baseline distributions, these indices were categorized into tertiles of low, medium, and high adherence to the recommendations. Based on the hypothesis that low adherence constitutes a risk factor for stroke, we present results with the highest tertile as reference category.
Outcome ascertainment
Deaths were identified by state death records and the National Death Index, and therefore loss to follow-up was negligible. Stroke deaths were defined by ICD (International Classification of Diseases) codes, specifically ICD-9 (430-438) and ICD-10 (I60-I69) codes. December 31st, 2013 was used as the end of follow-up. Ischemic and hemorrhagic strokes were identified based on the American Heart Association/American Stroke Association (AHA/ ASA) definition of stroke [27] . However, the distinction between these subtypes based on ICD codes has limited reliability overall [28] . In addition, for the majority of stroke cases (65.4%), the subtype was not provided and e.g., ICD-9 436 and ICD-10 I64 were used. As a result, only 5.0% could be categorized as ischemic and 29.6% as hemorrhagic strokes. Therefore, results should be interpreted with care.
Inclusion and exclusion criteria
From the original cohort of over 215,000 individuals, we excluded the ethnic category "other" (N = 13,994), a stroke prior to recruitment as reported at baseline or missing information on this question (N = 5449), invalid dietary assessment information defined by implausible energy and macronutrient intakes (N = 7876), and 16,419 (8.7%) records with missing covariates. This resulted in a dataset for a complete case analysis of 172,043 participants and 55,211 deaths with 3548 stroke deaths, which was very similar to the original MEC study as far as the distributions of sex, ethnicity within the five targeted groups, and major risk factors are concerned [17] .
Statistical analysis
We described the frequency distributions, by sex and ethnic group, of the diet-quality indices categorized as tertiles and following established stroke risk factors: age at baseline, self-reported medical conditions (hypertension, type 2 diabetes, previous heart attack/angina), body mass index, hormone therapy, smoking status (never, former, current light or heavy), alcohol intake, physical activity (hours of daily moderate or vigorous activity: ≥1.5, 0.5 to <1.5, ≤0.5), education, place of birth, living >25 years in the US, and total energy intake ( Table 2) . We also calculated Spearman correlations between the diet-quality indices. Cox regression was applied to model the association between the four diet-quality indices and stroke mortality adjusting for sex, age, ethnicity, and stroke risk factors. Based on the hazard ratio (HR) estimates for the middle and lowest tertiles of each index relative to the highest tertile, we estimated adjusted PARs as the preventable percentage of deaths if the entire population were to consume a diet ↑Components were positively scored, i.e., a higher intake is associated with a higher score ↓Components were inversely scored, i.e., a higher intake is associated with a lower score a Empty calories: energy from solid fat, added sugars and alcohol b Sugar sweetened beverages Table 2 Follow-up characteristics, all-cause and stroke mortality, and distribution of diet-quality indices and other risk factors by sex and ethnicity according to the observed highest tertile of this diet-quality index [29] . To investigate whether the effect of the dietquality indices on stroke mortality differs depending on certain variables, stratified analyses by sex, ethnicity, and length of follow-up (<10, 10 to <20, ≥20 years) were performed, and we additionally tested for interaction effects between the continuous indices and the stratification variables. In a sensitivity analysis to better explore the nature of the relation between risk and level of exposure, e.g., whether it is of a linear or curvilinear shape, we additionally categorized the diet-quality indices into quintiles. All analyses were conducted with version 9.4 of the SAS System for Windows (SAS Institute Inc., Cary, NC) and for graphical representation the ggplot2 package [30] of the statistical software R [31] was used.
Results
Characteristics of study population
The study population was mostly composed of Whites and Japanese Americans, followed by Latinos, African Americans, and Native Hawaiians ( Table 2) . During a mean follow-up of 17.6 years, 1746 (5.8%) and 1802 (7.2%) deaths due to stroke were reported for men and women, respectively. The highest stroke death rate among both men and women was observed for African Americans, followed by Japanese Americans and Latinos ( Table 2 ). The distribution of all diet-quality indices differed by ethnic group. Latino men exhibited the highest proportion of low adherence to HEI-2010, AHEI-2010, and aMED. DASH showed the highest proportion of low diet quality for Native Hawaiian men. White and African American men had the highest proportion of high adherence to HEI-2010, Whites also to DASH. Japanese American men had the highest AHEI-2010 scores and Native Hawaiian and Japanese men had the highest aMED scores. For women, the distribution of dietary indices was very similar to men, with Latino having the lowest adherence to HEI-2010, AHEI-2010, and aMED, Native Hawaiian to DASH.
PAR and HR for diet-quality indices
Spearman correlations between all diet-quality indices ranged from 0.53 to 0.70 (Supplementary Table I ). Adjusting for sex, age, and ethnicity only, food patterns representing the lower and medium tertiles were significantly related to stroke mortality for all four indices (Table 3) . High adherence could prevent 4.9 to 10.4% of stroke mortality and the increased risk for low versus high adherence varied between 13% and 32% depending on the index. With additional adjustment for established risk factors, the HR decreased to 1.05 to 1.23, indicating confounding by these factors. However, diet still was an important risk factor and the HRs remained statistically significant, except for the DASH. The PAR was highest for HEI-2010 (HR = 1.23 for lowest vs. highest tertile). After adjustment, about 7.9% of all stroke deaths were attributable to a dietary pattern representing low and medium adherence to the HEI-2010 (Table 3 and  Supplementary Table II) . The aMED (5.4%) and AHEI-2010 (4.3%) also showed significant PARs for low and medium adherence. The DASH was not significantly related to stroke mortality risk, as the corresponding HR and PAR estimates were not significant. The results based on quintiles instead of tertiles of the indices were similar (Supplementary Table III) , although the estimates cannot be directly compared due to a different reference category. As the linear trend tests for the diet-quality indices were also significant, our findings support the idea of a consistent, inverse relationship between diet quality and the risk of stroke mortality. The results for stroke subtypes indicated that low diet quality, except for DASH, is a risk factor for both ischemic and hemorrhagic strokes. HEI-2010 and aMED explained hemorrhagic strokes to a larger extent (PAR = 9.6% and PAR = 10.5%, respectively), whereas the AHEI-2010 had a higher PAR for ischemic strokes (PAR = 12.3%) (Supplementary Table IV) .
Stratified analyses
There were few differences by sex in the distribution of the diet-quality indices, the HRs, and the PARs (Fig. 1) ; the interaction term of the continuous indices with sex was significant for AHEI-2010 only. PARs were higher among women than men for the HEI-2010, AHEI-2010, and aMED, due to a higher HR and a higher prevalence of nonadherence. Although the tests for interaction were not significant, the distribution and with some exceptions also the HRs varied considerably between ethnic groups and consequently also the PARs (Fig. 2) . In Whites, 15.4% of stroke deaths were attributable to diet as assessed with HEI-2010, mostly due to their increased risk of low vs. high adherence (HR = 1.52). Between 7.1 and 7.9% of stroke deaths in African Americans were attributable to low or medium adherence to the HEI-2010, AHEI-2010, or DASH, resulting from high HRs for low or medium adherence to the diet-quality indices. For the same reason, about 6% of stroke deaths in Native Hawaiians were attributable to diet quality, except for the DASH. The PARs for Japanese Americans varied between 0.3% (DASH) and 8.2% (HEI-2010), the HRs between 1.00 (DASH) and 1.25 (aMED) for low vs. high adherence. The PARs and HRs for Latinos were rather inconsistent. The HRs for the comparison of low vs. high adherence were only slightly above 1, except for the DASH.
We did not find consistent differences for short or long term effects of diet. For HEI-2010, there was a decreasing but non-significant trend in PAR and HR over the three follow-up duration periods (<10, 10 to <20, ≥20 years), indicating that poor diet quality explained a higher percentage of stroke deaths during a short vs. long followup (Fig. 3) . However, the HRs within all three periods did not differ significantly from each other for any of the indices. The aMED and DASH also exhibited a decreasing HR but not PAR. HEI-2010 healthy eating index-2010, AHEI-2010 alternative healthy eating index-2010, aMED alternate Mediterranean diet score, DASH dietary approaches to stop hypertension, PAR population attributable risk for middle and low adherence to diet-quality index, HRhazard ratio, CI confidence interval a based on Cox regression models adjusted for sex, ethnicity, and age b based on Cox regression models adjusted for sex, ethnicity, age and all risk factors as in Table 2 , except models including AHEI-2010 and aMED were not additionally adjusted for alcohol consumption 
Discussion
Summary
Our results imply that diet quality according to well established dietary recommendations acts as an independent risk factor for stroke mortality although the attributable and relative risk estimates vary considerably across indices. Adherence to the HEI-2010 had the highest prevention potential, preventing as many as 7.9% of stroke deaths without substantial differences by sex and follow-up period. However, this association was mostly found for Whites with a PAR of 15.4%, followed by non-significant PARs for Japanese Americans (8.2%), African Americans (7.2%), Native Hawaiians (5.9%), and no association in Latinos. Adherence to the AHEI-2010 had the highest prevention potential for African Americans, the aMED for Native Hawaiians and Latinos, the HEI-2010 for Japanese Americans, but the PARs by ethnicity did not differ significantly from zero. Diet quality was overall also inversely related to 
Reasons for differences between diet recommendations
The finding of high PAR and HR for HEI-2010 may be due to its components that were previously found to be associated with stroke, namely vegetables, fruits, whole grains, and sodium (Table 1) , but many of these are also part of the other indices. Specifically, the HEI-2010 includes refined grains and empty calories, which are not included in the other indices and may represent the adverse effects of sugars and foods with a high glycemic load, as well as dairy products and moderate alcohol intake. Additional differences are the inclusion of total protein foods as positive in the HEI-2010 as opposed to the inverse scoring of red/ processed meat in the other three indices. However, based on such composite indices, it is not possible to derive a conclusion about the relevance of red/processed meat with any certainty as the sources of proteins are not specified.
Relative importance of diet
In a joint model, the HEI-2010 had a smaller relative risk (HR = 1.23) than medical risk factors such as diabetes (1.68) or a previous heart attack/angina (1.51), but the HEI-2010 PAR of 7.9% was similar to their PARs (8.0% and 5.2%, respectively). This suggests that diet has a similar prevention potential as comorbid conditions, particularly due to the high prevalence of low adherence to diet recommendations. The HR for low adherence to the HEI-2010 was higher than the HR for alcohol intake (HR = 1.03, PAR = 0.45%), but lower than that for smoking (HR = 1.62 and 1.83 for light and heavy smoking, respectively, PAR = 10.81%) (Supplementary Table II) . In comparison to other study outcomes [18] , the findings for all-cause and CVD mortality also revealed the highest HR of HEI-2010 in Whites, both HEI-2010 and DASH in African Americans, and HEI-2010 and aMED in Japanese Americans. The ranking of HRs due to the diet-quality indices in Native Hawaiians and Latinos differed marginally but did not contradict our results.
Comparison to other studies
The INTERSTROKE study [4] is, to our knowledge, the only study with results for a diet-quality index by region and ethnicity. However, it differs in three aspects from the current MEC analysis. First, INTERSTROKE investigated stroke incidence rather than mortality. Second, it reported findings for world regions and ethnic groups, potentially combining differences due to living conditions with differences due to ethnicity. Third, it used an adapted version of AHEI [32] which did not report portion sizes and used frequency of intake for scoring instead. Differences in PAR were particularly obvious for participants of European ancestry or from Western Europe, North America, and Australia in INTERSTROKE (region: PAR = 33.3%; ethnicity: PAR = 32.6%). The difference between Latinos in the MEC (2.6%) and the INTERSTROKE South American region (37.3%) and the Latin American ethnicity (37.0%) was even greater. Japanese Americans and Native Hawaiians in the MEC could not be compared. African Americans in the MEC showed a higher PAR (7.9%) than in the INTERSTROKE African region (3.6%) or African ethnicity (4.7%), possibly because African Americans living in the area of Los Angeles have dietary patterns more similar to White Americans than to other Africans, as well as possibly being less exposed to adverse living conditions, such as poor access to health care. It could also indicate that the MEC food frequency questionnaire was more appropriate for diet assessment as it was developed specifically for the five ethnic groups.
Reasons for ethnic differences in PAR
There are four possible explanations for the variation of PAR estimates across ethnic groups. First, by definition the PAR depends on two parameters, the HR and the prevalence, i.e., even if a risk factor exhibits an HR greater than 1, a low prevalence leads to a low PAR. Moreover, the PAR of categorical risk factors with more than two categories is a combined PAR, depending on more than one prevalence and HR estimate. Second, dietary indices were developed and validated in mostly white populations. Eating behaviors of other ethnic groups might not be correctly reflected, who may differ in their susceptibility to disease from specific foods and nutrients. Third, the relative proportion of ischemic vs. hemorrhagic stroke differs across populations and diet might not be equally important for all subtypes. Fourth, stroke mortality differs by ethnicity as it was highest among African Americans, followed by Whites, Asians, and Hispanics [14] .
Strengths and limitations
The two main contributions of this longitudinal study are the focus on diet recommendations rather than individual food items or nutrients and the estimation of preventable proportions in addition to relative risks. Moreover, drawing on data from a large cohort study, the sample size was sufficient to detect differences in stroke mortality even in stratified analyses. Another strength is the validated dietary assessment tool specifically designed for the five ethnic groups and the ability to compute different diet-quality indices.
A major limitation is the use of stroke mortality as the outcome, as especially in Western countries the lethality of stroke has decreased. Therefore, results based on stroke mortality can only serve as a proxy for stroke incidence. Due to the use of ICD codes in death records, stratified analyses by stroke subtypes were of limited reliability and due to the low rate of classification into the main subtypes, we refrained from further stratification by ethnicity. We cannot exclude that these classifications depended on patient characteristics and were not applied consistently across physicians and institutions. We did not include medication use to control hypertension, which is known to vary by ethnicity. Moreover, we could not account for other important risk factors known to be associated with stroke mortality, as for example access to health care, the type of treatment in the course of the disease, and more detailed information about the socioeconomic status, which was found to be strongly associated with stroke mortality [33] [34] [35] [36] . Another limitation was the assumption of constant dietary patterns over a long time when changes in diet were highly likely but were not assessed. However, no significant differences by length of follow-up were detected.
Conclusion
Diet recommendations based on HEI-2010 were found to have a higher impact than the other three indices to prevent stroke death, especially in Whites and, possibly, for hemorrhagic stroke. This might be due to the HEI-2010 including a large number of food components in general and a majority of the main food items previously reported to be associated with stroke. About 8% of stroke deaths could be prevented if the population maintained high instead of low or medium adherence to this food pattern. Individuals with low adherence had a 23% higher risk of stroke mortality. Similarity in relative risks by follow-up time emphasizes the importance of diet over a long time. Stratified analyses by ethnicity revealed a more diverse picture of attributable and relative risks. The variation probably had several underlying causes, but was primarily due to different patterns of adherence to diet recommendations. These differences highlight the importance for future studies to distinguish ischemic and hemorrhagic stroke in ethnically diverse populations. The current results highlight the great preventive potential of stroke through improvements in diet quality, which could have a substantial impact on the population level, particularly among Whites.
